Fungi as pathogens

Adaptive evolution: characterizing functional divergence and associated selective pressure changes
The pathogenic fungi are mostly opportunistic pathogens (e.g. Richardson, 1991) . Their capacity to derive nutrients from a large range of plant hosts seems to rely on a battery of genomic resources that are the result of different evolutionary processes. Most pathogenic fungi have experienced the expansion of specific gene families related to functions that facilitate the infection of the host. Other genomic elements that have expanded include genes that trigger regulatory cascades (Martin et al., 2008) . Codon models have been used extensively in order to detect rapidly evolving genes and targets of positive selection that may have adaptive value (Figure 12.2 and Table 12 .1). In fungal genomes, positive selection has been found to act in the evolution of functionally important gene families, in particular those that confer adaptation to a pathogenic life-style. Examples include the mycotoxin gene cluster in the wheat pathogen Fusarium (Ward et al., 2002 , Cuomo et al., 2007 , various phytotoxin genes in the generalist pathogen Botrytis (Staats et al., 2007a; 2007b) , and in the potato pathogen Phytophthora infestans (Liu et al., 2005) , the aflatoxin gene cluster in Aspergillus (Carbone et al., 2007) , hostspecific toxins of the wheat pathogen Phaeosphaeria nodorum (Stukenbrock and McDonald, 2007) , antigens in Coccidioides human pathogens (Johannesson et al., 2004) , and serine proteases in ten fungal species (Hu and Leger, 2004) .
Gene families typically expand by gene duplication (Scannell and Wolfe, 2008) . Some can be related to adaptations to the pathogenic lifestyle, as in the case of the oxidative phosphorylation pathway, whose components have evolved by functional divergence with several instances of gene loss and duplication (Marcet-Houben et al., 2009) . Following duplication, rapid rates of evolution and positive selection can give rise to new gene functions allowing the fungus to follow its host in the arms race or to infect new host species. Scannell and Wolfe (2008) used the yn00 codon model (Yang and Nielsen 2000) to investigate the fate of duplicated genes following a whole-genome duplication (WGD) event in yeast. It has been widely accepted that genes that are duplicated evolve faster than genes that remain single-copy but the details about how this asymmetrical acceleration occurs were not clear. Scannell and Wolfe first built separate alignments for single-copy and double-copy genes, then they built maximum-likelihood trees accounting for the propensity of slowly evolving genes to be retained in the duplicate, and they finally measured the length differences in the trees in order to compare the rates of evolution in the two sets. They found that duplicated genes evolved up to three times faster than single-copy genes, a tendency that could be observed even long after the original duplication (around 100 million years). In order to corroborate this result, authors used codon models to look at the selective pressure among orthologs.
Codon models give a more detailed account of the interplay of nonsynonymous and synonymous substitutions. The nonsynonymous substitution rate was 19.8% higher in the case of duplicated genes than in single-copy ones. Interestingly, a burst of protein evolution followed gene duplication even for slowly evolving genes and the asymmetric rate accelerations persist even after prolonged periods of time. A similar study reached the same conclusions using codon models to compare paralogs derived from a WGD event (Turunen et al., 2009 ).
Adaptive evolution does not occur exclusively in duplicated genes. It can also occur in single-copy, highly conserved housekeeping genes, as new data and new methods have begun to reveal. Sequencing projects have created new types of data, for instance, multi-locus sequence typing (MLST) that are also available for fungal studies. MLST is a nucleotide-based typing approach that uses high-throughput techniques, bioinformatics, and population genetics methods for comparing polymorphisms at internal fragments (typically -0-19-960166-5 12-Cannarozzi-c12-drv Cannarozzi (Typeset by SPi, Chennai) 168 of 272 October 13, 2011 12:27 OUP UNCORRECTED PROOF -PROOF, 13/10/2011, SPi between 450 and 500 bp) of multiple housekeeping genes for different isolates (Urwin and Maiden, 2003) . It was originally conceived for bacterial epidemiology for characterizing pathogenic variants but it has also been applied to fungal data. One example of this is given by Perez-Losada and colleagues (2006) who used MLST data from yeast (Candida albicans) to investigate evidence of adaptive evolution in microbial pathogens. They also studied the relative impact of genetic drift and natural selection in these pathogens. Codon models account for site-specific differences on adaptive selection at the protein level Yang et al., 2000a; McClellan and McCracken, 2001; Yang and Swanson, 2002) , and their general utility has been already demonstrated (e.g. Yang et al., 2000a Yang et al., , 2000b Haydon et al., 2001; Yang and Nielsen, 2002; McClellan et al., 2005) . However, MLST data are not usually examined using these approaches. The genes involved in these interactions, as well as other genes controlling pathogenicity, are expected to evolve rapidly, in a context of coevolution between the plants and their pathogens. Resistance (R) and avirulence genes are prominent players in the plant-pathogen arms race and sometimes this co-evolutionary process is driven by positive selection (Bent and Mackey, 2007) . Codon models are particularly well suited for measuring accelerated rates of evolution in protein products related to defence and infection mechanisms. Positive selection has indeed been detected in the plant defence R-genes Parniske et al., 1997; Meyers et al., 1998) . There are several examples of uses of codon models for the detection of positively selected substitutions which may confer some advantage, albeit temporary, in genes involved in pathogenicity in fungal pathogens: the NEP1 and NEP2 genes encoding two necrosisand ethylene-inducing proteins in several Botrytis species (Staats et al., 2007a (Staats et al., , 2007b , and another necrosis-inducing protein, NIP1, analysed in the barley pathogen Rhynchosporium secalis (Schurch et al., 2004) . Another example involves a toxic secondary metabolite produced by a fungal pathogen, the host-specific toxin SnToxA, secreted by the wheat pathogens Pyrenophora tritici-repentis and Phaeosphaeria nodorum. A recent study showed that this was also the case for endopolygalacturonase genes in Botrytis cinerea (Cettul et al., 2008) . Also shown for B-xylosidase in the wheat pathogen Mycosphaerella graminicola (Brunner et al., 2009) . Effectors are small proteins expressed by the pathogen, which are secreted in the plant and are assumed to facilitate infection. Van der Merwe et al., 2009) have studied the effector gene AvrP4 in fungi belonging to the Melampsora genus. Codon models were used, as implemented in PAML, which suggested that positive selection played a role in the evolution of the gene during the diversification of the genus. Selection may have acted on these sequences because of the effector function of the locus or in order to escape recognition by host resistance factors, or both. Another study analysing different avirulence genes, AvrP4 and AvrP123, in natural populations of Melampsora lini , also found evidence for positive selection using codon models, as well as complementary methods that analyse polymorphism patterns, such as the McDonald-Kreitman test (McDonald and Kreitman, 1991) . Patterns of synonymous and nonsynonymous variations in both avirulence genes suggest a significant departure from neutrality for both loci and showed a large excess of amino acid polymorphism within species. Altogether, these results suggest that host-pathogen co-evolution drives the emergence and maintenance of allelic diversity at loci that are involved in direct interactions with host resistance genes. Other plantpathogen co-evolving systems have been described (e.g. Bowen et al., 2009) and await the analysis of selective forces to confirm that elevated d N /d S ratios and positive selection are a trend driving the evolution of the plant and pathogenic fungi interaction.
Most studies so far have looked at the evolution of fungal genes in natural populations. However, an interesting study on the fungi affecting commercial tomatoes has shown how different selective forces, including positive selection and recombination have determined the evolution of this pathogenic species following the crosses of different races of tomato (Stergiopoulos et al., 2007) .
Oomycetes (e.g. Phytophthora infestans) are fungus-like algae that are phylogenetically distinct from fungi. Their effectors have been well studied for many years (Kamoun, 2006) . Special attention has been paid to the adaptive evolution of effectors in the invasion of new host plants. In the current paradigm, effector functions are key to understanding how pathogens colonize and multiply in the host. They are the targets of natural selection in the context of arms races and are often fast evolving and under positive selection. In the RXLR-type effector class, positive selection has been shown to be particularly important in the C terminal domain, which carries out the biochemical activity inside plant cells (Win et al., 2007) . This and other studies have revealed that the typical RXLR effectors in oomycetes are modular, each module being subject to different selective pressures. Codon models implemented in paml (M1, M2, M3, M7, and M8) were used in all these studies.
The oomycete P. infestans is extremely effective to rapidly adapt to host resistance, which makes it a good model to study effector evolution. The availability of genome sequences of different oomycete species has enabled comparative studies that look for positive selection signals across species. By looking at genome structure, in particular, at gene colinearity, it is clear that RXLR effectors occur in expanded repeat-rich regions that evolve rapidly 978-0-19-960166-5 12-Cannarozzi-c12-drv Cannarozzi (Typeset by SPi, Chennai) 171 of 272 October 13, 2011 12:27 OUP UNCORRECTED PROOF -PROOF, 13/10/2011, SPi FUNGI AS PATHOGENS 171 (Haas et al., 2009) . These highly dynamic and expanded genomic regions promote evolutionary plasticity of effector genes, enabling the rapid adaptation of the pathogen to new hosts. Comparative studies of P. infestans with closely related species, have shown that the genome of the former is enriched in genes for secreted proteins and effectors relative to the other species. This analysis suggested that the genome of P. infestans can be divided into a core genome that evolves slowly, is gene-rich, and contains the core ortholog genes, and, on the other hand, a 'plastic genome' that evolves faster, is rich in repeats, and contains effector genes and secreted proteins (S. Kamoun, pers. comm.) . It has also been proposed that pathogen effectors adapt rapidly by positive selection to new host target proteins following a host jump (L. Cano and S. Kamoun, pers. comm.) . Branch-specific codon models were used to investigate which lineages, among a number of Phytophtora species, were subject to accelerated rates of nonsynonymous evolution. The epiC1 gene in P. mirabilis, a sister species of P. infestans, has been detected to be under positive selection (L. Cano and S. Kamoun, pers. comm.) . Functional assays are underway to determine to which extent these effectors vary in their biochemical activities. Possibly, following a host jump, the effector may have adapted to a new host target resulting in altered biochemical activity relative to its ortholog gene (L. Cano and S. Kamoun, pers. comm.) .
Bursts of adaptive evolution are also expected to occur in proteins involved in the immune system of the hosts and in the antigenic proteins of the pathogens. Several case studies have confirmed the action of positive selection in the evolution of such systems (e.g. Shpaer and Mullins, 1993; Hughes and Hughes, 1995; Endo et al., 1996; Deitsch et al., 1997) . Pathogens have to escape the immune surveillance of their host and rare variants, not recognized by the hosts, often have higher fitness. Positive selection should therefore act when pathogens need to avoid the immune response of the host. Johannesson and colleagues (2004) studied the proline-rich antigen (PRA) gene in some members of the Coccidioides sp. group, which includes non-pathogenic species as well as the fungal pathogens responsible for the human respiratory disease called coccidioidomycosis. Authors used codon-models to investigate whether the PRA gene in pathogenic species of Coccidioides exhibited accelerated rates of evolution and if this was due to positive selection. They sampled housekeeping genes as a control group. They analysed the variation in d N /d S ratios across the branches in the tree and they tested for positive selection occurring across the sites of the PRA gene in order to understand the functional relevance of specific sites in the molecule. Important sites can be potentially used as vaccine targets. The results showed that PRA genes, which are exposed in the surface, evolved at a higher rate than that of housekeeping genes. The latter genes evolved under purifying selection, as expected. On the other hand, there was very little intra-specific variability in the coding region of the PRA genes and no evidence of diversifying selection, suggesting that its evolution did not occur as a means to escape the host's immune system. Branch-specific codon models did not detect a higher d N /d S ratio in the branches separating pathogenic from non-pathogenic species. The revealed events of positive selection could instead be explained as being the result of particular conditions for each species in cell-wall morphogenesis. Thus, adaptation to the pathogenic life-style of Coccidioides immitis did not seem to be associated with positive selection in the PRA gene.
Among the first attempts to investigate the molecular evolution of proteins involved in arms-race processes with pathogenic fungi was the work by (Stotz et al., 2000) . They studied the plant polygalacturonase inhibitor proteins (PGIPs), which bind fungal polygalacturonases (PGs). Fungal PGs contribute to the degradation of pectin polymers in plant cell walls, and they can be modulated by PGIPs to prevent complete degradation. PGIPs can be excellent models for studying the specificity of leucine-rich repeat (LRRs) containing proteins. LRRs motifs are known to be directly involved in modulating the specificity. Authors analysed a set of 22 PGIPs and 19 fungal PGs using codon models M2, M3, M7, and M8 to determine the selective pressure acting on these molecules. They also implemented a variety of models assuming differences in codon usage. Stotz and colleagues found nine amino acid residues under positive selection that were involved in the specificity of the PGIP-PG interaction, as many of those sites were part of the LRR region. The functional relevance of the sites identified under positive selection was later confirmed by site-directed mutagenesis experiments (Bishop et al., 2005) .
Other proteins involved in host-pathogen interactions are pathogenesis response (PR) proteins, which confer local or systemic resistance to the plant. These proteins do not directly detect pathogens but their effectiveness influences pathogenesis and disease resistance. Bishop and colleagues studied chitinases, who belong to the class of PR proteins, attacking and degrading the chitin cell walls of fungal pathogens. In turn, fungi employ inhibitors to counterattack PRs. The hypothesis is that chitinases co-evolve with fungi in response to variation in pathogen defences against chitinolytic activity. If this is the case, then chitinases will show positive selection at a rate proportional to the intensity or frequency of selective episodes. Authors did pairwise comparisons of d N and d S ratios and implemented codon models M2, M3, M7, and M8. For chitinases, 4-15% of sites were found to evolve under positive selection. Furthermore, 15 of the sites identified as advantageous mutations were mapped into the three-dimensional structure of the molecule and were found to fall at relevant places, particularly at the active site. This means that arms races between hosts and pathogens do not only involve detection proteins (e.g. R genes and avirulence genes), but also proteins that directly attack pathogens. A similar study on plant endoglucanases, which are another group of proteins involved in the degradation of the pathogen cell wall of pathogenic oomycetes (a group related to fungi), has also suggested an arms race involving repeated adaptation of pathogen attack and evolution (Bishop et al., 2005) .
Lifestyle-associated adaptations: from saprophytes to pathogens
Saprophyte fungi are free-living and are typically decomposers. Well-known species, such as the mushrooms in the Amanita sp. group or Saccharomyces cerevisiae (baker's yeast), are examples of saprophytes, which may establish more easily than symbiotic fungi because they do not require a host (Pringle et al., 2009a (Pringle et al., , 2009b . What is interesting from the evolutionary point of view is the capacity of closely related fungi of the same kind to turn into pathogens of plants and animals (Casadevall, 2008; Morris et al., 2009 ). There are a number of reports on pathogenic fungal species whose closest relatives are saprophytes. Many species of Candida are pathogenic but other species are tamed like the baker's yeast (Dujon et al., 2004) . Species of Geomyces, are usually terrestrial saprophytes that grow at cold temperatures but one species turned into a pathogen that attacks bats and is responsible for an elevated mortality among infected individuals (Blehert et al., 2008) . Another example is given by members of the Aspergilllus group. While most species in the genus are saprophytes, a surprising number of species are able to infect plants and animals, especially those with compromised immune systems. Remarkably, allergic human hosts also respond abnormally to Aspergillus fumigatus, developing lung and sinus disease or aspergillosis (Fedorova et al., 2008) . A comparative genomic study among aspergilli fungi revealed that the genes likely responsible for the acquired pathogenicity tend to be clustered on the same chromosome. Positive selection may well be involved in the diversification of pathogenicity genes. Therefore, lifestyle changes associated with the emergence of potential pathogens could be analysed using codon models for the comparison among different pathogenic and saprobic species. Comparative genomic studies would indicate whether differences in particular regions can explain lifestyle differences. Surprisingly, this type of study has not been conducted yet.
A pioneering study in this sense was conducted by Johannesson and colleagues (2004) . It is an example of different selective pressures associated with adaptation to saprobic or pathogenic lifestyles found among the fungi in the Coccidioides sp. group. After using codon-models M0, M1, M2, M3 M7, and M8 to detect positive selection acting on the antigenic PRA gene in different pathogenic and nonpathogenic species, the authors suggested that the lack of diversifying selection acting on antigens of Coccidioides, as compared with its presence in other human pathogens, may be explained by differences in their ecology. There are indeed 13, 2011 12:27 OUP UNCORRECTED PROOF -PROOF, 13/10/2011, SPi
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important differences associated with adaptations to lifestyle: whereas Coccidioides is a dimorphic pathogen that has to go through its hyphal saprobic phase to produce new infection propagules, many other pathogens are obligate parasites with no part of their life cycle outside the host.
Fungi as symbionts: selective pressure to maintain symbiosis in mycorrhizae and lichens
Symbiont fungi have met the challenge of establishing close and mutually beneficial relationships with their hosts (e.g. Pringle et al., 2009a Pringle et al., , 2009b . Many genes and gene products are required to maintain this kind of relationship. Comparative studies of pathogenic, saprophyte, and symbiont fungi reveal that there are particular gene repertoires associated with different lifestyle adaptations. Unfortunately, there is a bias in the genome sequencing projects towards pathogenic fungi. However, there has also been a recent effort to start sequencing the genomes of non-pathogenic fungi. More comparisons between genomes of distinct ecological roles will bring much information on lifestyle specific adaptations. In a recent development, the genomic organization of a symbiotic fungal species can now be studied with the recent availability of the genome of the basidiomycete Laccaria bicolor (Martin et al., 2008) . In particular, there is evidence for the expansion of numerous protein gene families related to the functions that make possible the symbiotic relationship between Laccaria bicolor and its tree host Populus trichocarpa. In contrast, the genome of Laccaria bicolor shows a marked reduction in the gene families coding for plant cell wall degradation enzymes, while these families are well represented in the genomes of many fungal pathogens (Martin et al., 2008) . Another fungus showing peculiar genomic features related to its pathogenic lifestyle is Ustilago maydis, a biotroph basidiomycete that parasitises maize and depends on living tissue for proliferation and development. Not surprisingly, it lacks the pathogenicity genes present in more aggressively necrotrophic fungal pathogens. However, it possesses clustered secreted protein effectors favouring the invasion of living tissue, while minimizing host damages (Kamper et al., 2006) .
Codon models can be used to understand the adaptive evolution and dynamics of the symbiontspecific genes. Lichens are associations between fungi and algae, and the fungi involved are well known for producing diverse secondary products, prominent among which are polyketides (PKS) derivatives (e.g. anthraquinones, chromones, depsides, depsidones, xanthones, usnic acids). PKSs are not specific to lichens, as non-lichen fungi can also produce them. Muggia and colleagues (Muggia et al., 2008) looked for differences in the selective pressure on PKS genes in lichenized and nonlichenized fungi, the former being a basal group within the Ascomycota. A large tree was built using orthologous ketoacyl synthase (KS) domains of PKS genes. In this phylogeny there were 12 monophyletic clades that were treated individually for tests of lineage-specific changes in selective pressure. Both site-and branch-specific codon models were used to test for positive selection and selective pressure variation. The results indicated the prevalence of purifying selection in all the 12 monophyletic clades, in both lichenized and nonlichenized fungi. This may suggest that the detected paralogs result from rather ancient duplication events and their KS regions entered the phase of purifying selection long ago, even if an episode of positive selection had occurred at some point. Further, all the studied paralogs seem to be functional, even those in non-lichenized fungi, which in principle do not express them. This may be an indication of the existence of cryptic metabolic pathways. Perhaps the potential of lichens to produce secondary metabolites has been underestimated.
Evolution of codon usage in fungal genomes
The genetic code is redundant or 'degenerate', meaning that there can be more than one codon to code for a single amino acid (e.g. there are six synonymous codons that encode arginine). It is well known that synonymous codons are not uniformly used, in other words, that there is a codon bias at the moment of translation (Grantham et al., 1980; Grosjean and Fiers, 1982) . This bias is not completely understood and it has been shown to affect different species and genomic regions differently (Ikemura, 1985; Sharp et al., 1993) . Codon preferences appear to reflect a balance between mutational biases and selection for optimal translation, as some synonymous codons make translation faster. For instance, in fast growing fungi like S. cerevisiae, optimal codons reflect the available tRNA pool (Najafabadi et al., 2009; Tuller et al., 2010) . Fungi have been used as an eukaryotic model to study the preferred use of specific synonymous codons, global codon usage, and looking for evidence of codon bias in different species and genome regions. Here we summarize relevant findings on codon usage in fungi and how codon models have been applied in these studies.
Fungi as eukaryotic models of codon-usage evolution
S. cerevisiae has provided an excellent eukaryotic model to understand the evolution of codon usage and the frequency biases associated with it. Cannarozzi and colleagues (2010) studied the translation dynamics in S. cerevisiae by looking at pairs of consecutive synonymous codons, they compared the observed and expected frequencies of each possible codon pair. Their study shows that there is a significant correlation in the successive use of synonymous codons during translation; in other words, synonymous codons are not chosen independently from one another. Furthermore, the authors showed that codons could be read by the same tRNA, which suggests that subsequent synonymous codons are correlated according to their reading tRNAs. These correlations are not simply due to codon bias at the gene level, but more interestingly to codon ordering within genes. The evidence also suggests that tRNAs are reused at successive encodings of the same amino acid, thereby increasing translation speed and favouring fidelity. Correlation is strongest for genes that are under pressure for rapid and efficient expression, but in yeast the significance of autocorrelation decayed with the distance between subsequent synonymous codons.
Yeast genomes have also been used as case studies for the development of different codon bias indices (CBIs). CBIs provide different measures to determine codon usage, typically based on a reference set. One of the most frequently used is the codon adaptation index (CAI) developed by Sharp and Li (1987) . A new CBI was recently introduced, called the relative codon usage bias (RCBS), that does not require a reference set. Das and colleagues (2008) analysed yeast genomes using the RCBS and they found a weak correlation between the relative codon usage bias and GC content. Furthermore, they concluded that selection favoured the higher expression and optimal codon usage of short genes. However, Fox and Erill (2010) noted that the RCBS systematically oversees an intrinsic bias for short sequences. They propose a correction for the index and develop the relative codon adaptation index (RCA) that is based on a reference set and has been shown to be a good predictor of S. cerevisiae gene expression relative to the CAI index. It is especially indicated for the study of genomes with high mutational bias.
Another interesting study of a large dataset of eukaryotes, including yeast, suggests that codon usage is function-specific and that tRNA composition is dynamically altered in cells in order to respond to environmental changes or new physiological roles (Najafabadi et al., 2009) . A different but related bias is observed for initiation codon consensus sequences among eukaryotes (Nakagawa et al., 2008) . Nucleotides residing at initiation codons regulate the initiation of translation and there are multiple molecular mechanisms for controlling it. A diversity of preferred nucleotide sequences around the initiation codon reflect evolutionary relationships of species and depend on the relative contributions from two distinct patterns, GCCGC-CAUG and AAAAAAAUG. For yeasts, particular initiation consensus sequences and their evolutionary dynamics are described in Cigan and Donahue (1987) , and Yun et al. (1996) . Other position-specific effects affecting translation have been described, including a recent study by Tuller et al. (2010) where a universally conserved profile of translation efficiency along mRNAs has been identified, based on adaptation between coding sequences and the tRNA pool. Across the three domains of life, the first ∼ 30-50 codons are translated with low efficiency, whereas the last ∼ 50 codons exhibit the highest efficiency over the full coding sequence. The yeast profile is consistent with this observation and is described in Ingolia et al. (2009) . The slow 978-0-19-960166-5 12-Cannarozzi-c12-drv Cannarozzi (Typeset by SPi, Chennai) 175 of 272 October 13, 2011 12:27 OUP UNCORRECTED PROOF -PROOF, 13/10/2011, SPi
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translation phase at the beginning of mRNAs may reduce ribosomal traffic jams, and therefore, the cost of protein expression. As suggested by this study, coding sequences and tRNA pools determine translation speed and ribosomal density. In this sense, codon-usage patterns directly modulate gene expression in eukaryotes and codons can be highly or lowly adapted to the tRNA pool. This is the first study that looks at these dependencies in a positionspecific manner.
Codon models applied to detect codon bias in fungi: translational selection
It is generally agreed that codon-usage patterns are determined by the interplay of mutational bias, random genetic drift, and natural selection (Sharp et al., 1995) . In fast-growing species, there is an optimization of translational efficiency and accuracy explained in part by the preferential use of particular synonymous codons. The preferred codons match the most abundant cognate tRNAs (Ikemura, 1985) . Akashi and Eyre-Walker (1998) used the term translational selection to describe the action of natural selection for translation optimization at the codon level. To try to understand the balance existing between the different selective forces, some authors have proposed codon-usage models based on population genetic theory (Kimura, 1983; Li, 1987; Bulmer, 1991; McVean and Charlesworth, 1999) . Sharp and colleagues analysed a large sample of prokaryotes and used a model based on Bulmer (1991) to estimate the population parameter S, which is the confounded product of the effective population size and the actual selection coefficient acting at the codon level. Consistent with the neutral theory of molecular evolution (Kimura, 1983) , it is often observed that the selection coefficients affecting codon usage are very small, this means that translational selection is effective only in large populations. Dos Reis and Wernisch (2009), extended Sharp et al.' s work to analyse a group of eukaryotes, particularly S. cerevisiae, and to investigate the relationship between effective population size and estimates of translational selection across the Eukarya. The optimal codons they found for yeast are consistent with previous reports (Bennetzen and Hall, 1982; Percudani et al., 1997) .
It is expected that organisms with small population sizes will show signs of reduced selection on codon usage. Indeed, this prediction is verified by the study of 10 eukaryotic genomes (Dos Reis and Wernisch, 2009 ). For example, large mammalian genomes with low population sizes have low selection coefficients. On the contrary, fastgrowing S. cerevisiae, with large population sizes, also show large selection values.
Other approaches for detecting codon-usage bias associated with natural selection involve accounting for various mutational effects, notably, selection affecting synonymous sites (Yang and Nielsen, 2008; Zhou et al., 2010) . McVean and Vieira (2001) developed a maximum-likelihood method to infer the strength of selection on different codons belonging to each codon family. Nielsen et al. (2007) use prior knowledge on codon bias and estimate the overall strength of selection against unpreferred codons. Zhou et al. (2010) proposed a similar approach but they assume that selection favors maintaining the same codon, whether preferred or nonpreferred and all nonsynonymous substitutions contribute only to nonsynonymous selection. Yang and Nielsen (2008) extended the widely used M0-M8 codon models to include a population genetics parameter and selection on codon usage, by explicitly taking into account the nucleotide composition of genes. Instead of inferring correlations to test the predictions of the mutation and selection theory of codon usage bias, as tests based on population genetics do, Yang and Nielsen propose a likelihood ratio test (LRT) that compares these parameters directly. They also look at the effects of model assumptions about codon usage on synonymous (d S ) and nonsynonymous (d N ) rates, and their ratio (d N /d S ). Using codon models to analyse the effect of selection on codon usage allows to study the mutation and the selection processes separately. Starting with the codon models proposed in Goldman and Yang (1994) , Yang and Nielsen (2008) explicitly model the process of one codon substituting for another codon that involve, mutation, selection at the nucleotide level, and selection and the protein level. To model mutation at the nucleotide (and codon) level, they used either the GTR or REV (Goldman and Yang, 1994) , or the HKY85 (Hasegawa et al., 1985) models, including a parameter that specifically accounts for mutation bias. For modelling selection on codon usage, a fitness parameter is added is added per codon. There is a selection coefficient and a probability that the mutation will be fixed, both of which are described in terms of classical population genetics theory (Fisher, 1930; Wright, 1931; Kimura, 1957) . At the protein level, the substitution rate is multiplied by d N /d S if, and only if, the mutation is nonsynonymous (Goldman and Yang, 1994; Yang and Nielsen, 1998) . Overall, the model implemented with a Q rate matrix has: 8 parameters in the GTR mutation model (or 4 if HKY85 is used), 60 scaled parameters for the universal code, and d N /d S . The transition probability matrix P(t) = e Qt is calculated from standard theory. In the FMutSel model, the stationary codon mutation frequencies are determined by both mutation bias and selection on codon usage. A LRT is then constructed where the model FMutSel is compared with a null model, which is a special case of the mutation selection codon model, where all the synonymous codons have the same fitness. This LRT tests the null hypothesis that codon usage is determined only by the mutation process and not to selection acting on silent (synonymous) sites.
A very nice result of separating mutation bias from selection on codon usage is that it is also possible to estimate the strength of natural selection acting on codon usage by calculating the proportion of advantageous mutations among all mutations, taking into account their scaled fitness. By the same logic one can also estimate the proportion of deleterious mutations. The FMutSel and FMutSel0 models are implemented in the CODEML program in PAML4 (Yang, 2007) .
Fungal preferred codon uses
As described in the first paragraph of this section, Dos Reis and Wernisch (2009) compared the strength of selection acting on codon usage in 10 eukaryotic genomes. They concluded that fungi have the largest selection coefficient (S) values, between 2.24 and 2.56, compared to plants (0.61-1.91) or large mammals (0.22-0.51). The strength of selection is linked to expression, population size, and translation efficiency, as previously discussed. Lynch and Conery (2003) have suggested that a consequence of the increase of genome size in eukaryotes relative to prokaryotes has been reduced population sizes due to ecological constraints. In this situation, the strength of selection is reduced and genomic features that would normally be purged are retained in Eukaryotes. There is thus an expansion of introns, gene duplications, and accumulation of repetitive elements, which accounts for genome size increase. That would explain why selection strength on codon usage is weak among Eukaryotes in general. Nevertheless, fungi provide interesting examples of codon usage bias. Fungi living in particular environments, like the anaerobic gut fungi in the intestinal tract of large herbivore animals are subject to specific ecological constraints that have an impact in genome composition. The anaerobic rumen fungus Orpinomyces, for instance, shows an AT-rich genome (in some cases exceeding 80%), where highly expressed genes are biased towards codons that are optimal for translation and genes that have been horizontally transferred show a different type of bias. Also, the use of amino acids between groups is also biased in favour of tryptophan residues in glucosylhydrolase proteins, lower usage of glycine and alanine in gypsy genes, and lower asparagine residues for the housekeeping gene set (Nicholson et al., 2005) . A substantial proportion of the Orpinomyces genome is made of non-coding AT-rich DNA, explaining the overall 80% AT content. The same pattern is found in Plasmodium falciparum and Dictyostelium discoideum. Filamentous fungi also tend to have introns that are more AT-rich than coding regions, but in anaerobic gut fungi there is an approximate 1.8-fold increase in GC content in exons. Another example of biased codon usage is given by the emergent bee pathogen Nosema ceranae, a Microsporidian fungus. This pathogen has a reduced genome that is ATbiased (74% A + T). More interestingly, this genome is enriched in lineage-specific genes not found outside this phylum that could indicate virulence factors, and a motif upstream of some genes possible involved in gene regulation across Microsporidia. None of the investigated factors likely affecting base composition (e.g. ambient temperature, mutation bias, selection on genome replication rates) can alone explain codon usage bias in N. ceranae but 13, 2011 12:27 OUP UNCORRECTED PROOF -PROOF, 13/10/2011, SPi
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may be a result of its adaptation to intracellular parasitism (Cornman et al., 2009) .
In some cases, it is not the overall codon composition that is biased across the genome but a particular region. This is the case in the yeast Lachancea (Saccharomyces) kluyveri, where the whole left arm of chromosome C shows a composition heterogeneity. This region has 52.9% GC content, as opposed to the 40.4% global GC content (Payen et al., 2009) . Remarkably, the MAT locus located in the same arm of chromosome C and controls mating, is not affected by this bias. Because the composition bias affects coding and non-coding regions alike, it is not caused by selection on protein sequences but has a great effect on codon usage bias that affects at least 457 proteins encoded by the C-left arm. Payen and colleagues (2009) speculate that the origin of this composition bias may be a hybridization event of two related species with very distinct GC contents or an intrinsic mechanism mediated by the loss of silent cassettes. Either way, the reported composition and codon bias have the effect of delaying the replication of the C-left arm of that chromosome.
Finally, codon usage biases can be detected for specific fungal gene families, as in the case of xylanases that exhibit significant variation of codon usage in different species (Shrivastava et al., 2009 ), or at the single gene level, as shown by Feng et al. (2010) , who optimized codon usage in the expression of the calf prochymosin gene in Kluyveromyces lactis by genetic manipulation for industrial applications.
Functional shifts: measuring the concomitant variation in selective pressure
Codon models may serve as an exploratory method to identify amino acid changes that may be functionally relevant or may suggest functional shifts in local regions of proteins. It is possible to investigate (1) amino acid properties that may have changed more often than expected by chance (presumably due to selection promoting the occurrence of radical amino acid replacements) and (2) amino acid sites under selection, and their possible impact on the structure and function of the protein (PerezLosada et al., 2006) . Complementary methods, such as TreeSAAP (Woolley et al., 2003) , which implements a model (McClellan and McCracken, 2001 ) based on the physico-chemical properties of amino acids, provide an excellent opportunity to understand not only the genetic mechanisms underlying adaptation, but also the phenotypical aspects of molecular evolution.
In a case study (Levasseur et al., 2006) , the authors studied the fungal lipase/feruloyl esterase A gene family, known to have expanded by gene duplication and functional divergence in Euascomycetes (aspergilli). Type-A feruloyl esterases (E.C. 3.1.1.73) are enzymes responsible for cleaving the ester link between the polysaccharide main chain of xylans or pectins and monomeric or dimeric ferulic acid. The activity of feruloyl esterases make the cell wall increasingly vulnerable to further enzymatic attack. The authors investigated the role of positive selection, if any, in functional divergence and adaptive molecular evolution. Changes in selective pressure following duplication events were analysed using branch-site models looking for evidence of positive selection. The tests conducted showed that positive selection acted after duplications and that nonsynonymous changes could in turn be involved in functional changes. Indeed, site-mutagenesis experiments confirmed that functional shifts were associated with positive selection events that were likely due to environmental change. Authors further hypothesized that environmental changes, such as colonization by terrestrial plants, might have driven adaptation by functional diversification in Euascomycetes (aspergilli).
Adaptive evolution of gene expression: wiring and re-wiring regulatory networks
It has been observed that the genes encoding biochemical products promoting infection are often clustered in fungal genomes (e.g. Jargeat et al., 2003) . Clustering of important gene families appears to offer several advantages for pathogenicity (Keller and Hohn, 1997; Keller et al., 2005) . One of the explanations for this tendency is that clustering the genes that interact in the same network makes regulation more efficient. If this is indeed the case, the network organization, including the regulatory genes, are expected to be under conservative selection although individual genes may be changing (e.g. to meet environmental challenges).
Regulatory genes, and even entire regulatory pathways, can evolve too. Adaptive changes in gene expression, which can be the result of positive selection, are thought to underlie critical differences between species. Because regulatory regions are non-coding, codon models cannot be used to directly analyse these regions. The best way to analyse genes and their associated regulatory regions would be to combine codon models for the coding part and alternative methods for the regulatory regions. Fraser and colleagues (Fraser et al., 2010) found evidence for widespread adaptive evolution of gene expression in S. cerevisiae. Most studies looking for selective pressure changes among genes in regulatory pathways have found evidence for negative selection and/or neutrality because substitutions are expected to be highly deleterious (Fay and Wittkopp, 2008) but this may stem from assumptions made by commonly used methods that detect 'average' selection on the new mutations which affect expression. Therefore, because adaptive mutations are rare, common methods may overlook them. Another problem in the implementation of commonly used methods to detect selection, including codon models, is the assumption that synonymous substitutions are neutral and that their rate can serve as a reference to measure deviations from neutrality including positive selection. An alternative way for a genome-wide search for adaptive evolution was explored by Fraser et al. (2010) , based on a test originally proposed by (Orr, 1998) . Briefly, if alleles determining a specific trait show an expression increase in one lineage as opposed to another, then neutrality can be rejected. Gene expression levels can be analysed as quantitative traits looking at the directionality of hundreds or thousands of expression quantitative trait loci (eQTL) simultaneously. eQTLs are genomic loci that regulate expression on a genome-wide scale. The test conducted by Fraser and colleagues used eQTLs to measure the level of expression in two lineages with different alleles, A and B. There are two possible categories-allele A leads to higher or lower expression than allele B-for both cis and trans eQTLs, leading to four classes in a 2 by 2 contingency table. Directional selection in either lineage will tend to result in cis/trans changes in the same direction (i.e. up-or down-regulation), leading to reinforcement of the effect. Assuming the absence of convergent evolution, the number of changes on eQTL directionality is expected to be approximately equal, if consistent with neutrality. A standard chi-square test of independence on the 2 by 2 table constitutes the test.
Experimental approaches can also be implemented together with codon models to investigate the evolution gene regulation. In a study of ribosomal protein (RP) gene regulation in yeasts, Wapinski et al. (2010) have experimentally shown, through cross-species functional assays, that following a whole-genome duplication event, an activator (lfh1) and a repressor (Crf1) controlling RP gene regulation are derived from a single ancestor in S. cerevisiae. Interestingly, the subsequent loss of the derived repressor led to the loss of a stressdependent repression of RPs in the closely related pathogen Candida glabrata. This is a nice example illustrating how, even though the genes themselves are conserved over great evolutionary distances, the regulatory elements associated with them can diverge substantially. Codon models could complement this kind of functional phylogenomic study to verify whether the RP genes themselves remain under purifying selection even after an important change in the regulation circuitry.
Ancestral polymorphisms: maintaining allelic variants for extended periods
In fungi, some examples of ancestral polymorphisms maintained by balancing selection have been reported and in some instances they have been shown to be trans-specific and long-lasting (Ward et al., 2002; Devier et al., 2009) . Balancing selection is usually invoked to explain the maintenance of these co-existing allelic forms present in different species.
In the first example, Ward and colleagues studied the trichothecene mycotoxin genes in the Fusarium graminearum (Fg) species' complex, the etiological agents of head blight (scab) in wheat and barley. Economic losses due to this pest have been devastating and in the last decade the infection ANCESTRAL POLYMORPHISMS: MAINTAINING ALLELIC VARIANTS FOR EXTENDED PERIODS 179 became epidemic in North America. The toxins produced by tricothecene genes are phytotoxic but can also affect animals ingesting infected plants. There are two categories of these clustered genes, the B-tricothecene and the A-tricothecene genes, and homologues have been found among Fg species' complex. The chemical differences presented by the different homologues can have important functional repercussions, as differences in the pattern of oxygenation and acetylation affect the bioactivity and toxicity of the toxins. Noticing that the toxin gene tree was not concordant with that of the species' tree, Ward et al., investigated a 19-kb region of the trichothecene gene cluster in 39 species that represent the global genetic diversity within the Fg species' complex. Phylogenetic analyses showed that polymorphism within these genes has persisted through multiple speciation events. Results from tests using site-specific codon models (M0, M1, M2, M3, M7, and M8) and site-branch models (A and B; Yang and Nielsen, 2002) to check for adaptive evolution signals suggested that polymorphisms have been maintained by balancing selection acting on chemotype differences that originated in the ancestor of extant species within the B-trichothecene lineage of Fusarium. In spite of extensive recombination within the tricothecene cluster, reciprocally monophyletic groups corresponding to each of the B-trichothecene chemotypes were strongly supported. Site-branch codon models, A and B, were built to test for variable selective pressure acting on different branches in the tree, as well as across sites in the proteins. They showed that, although most sites are dominated by strong purifying selection, a small proportion of sites are subject to positive selection, favouring an increase in the rate of amino acid substitutions along the lineage of a particular chemotype.
In an even more striking example of the maintenance of a trans-specific polymorphism, Devier et al. (2009) analysed the pheromone receptor genes within the Microbotryum violaceum species' complex, which are involved in the determination of the mating types in these fungi. Several lines of evidence strongly suggest that the pheromone receptors are two allelic sequences acting to determine the alternate A1 and A2 mating types required for mating in Microbotryum. Phylogenetic trees of pheromone receptors in the Microbotryum species' complex indicated a trans-specific polymorphism: the Microbotryum sequences from a given mating type were all more similar to the pheromone receptors of distantly related classes of fungi than to the alternate pheromone receptor in the Microbotryum species. A phylogenetic tree built using other known pheromone receptors from basidiomycetes showed that trans-specific polymorphism was widespread. The pheromone receptor alleles from Microbotryum appeared as the oldest, being at least 370 million years old. This represents the oldest known trans-specific polymorphism known in any organism so far, which may be due to the existence of sex chromosomes and obligate sexuality.
In contrast to cases of adaptations controlled by clustered genes, some local adaptations within species may involve several genes that lie scattered throughout the genome. In this case, models adapted to study the evolution of a single locus cannot help to understand how complex variability in such systems is maintained. Balancing selection is commonly invoked to explain multi-locus polymorphisms over long time periods. Recently Hittinger et al. (2010) conducted a study on the Galactose (GAL) utilization gene network in Saccharomyces kudriavzevii, a close relative of the budding yeasts. The GAL network can be functional, as it occurs in Portuguese strains, or non-functional, as is the case in two Japanese strains where some genes became pseudogenes. This polymorphism, with functional and non-functional genes, in the GAL network is about 89% as old as the species itself. Interestingly, these two states of the network are fitter under different environmental conditions. To explain the maintenance of this polymorphism involving several scattered genes, and in the face of gene flow, authors used experimental and computational approaches. Estimates of d S were obtained using the F3X4 and modified Nei-Gojobori models, as implemented in PAML. The two estimates produced similar d S genome-wide estimates, so only the F3X4 were used to test for outliers based on a Poisson sampling distribution of inferred synonymous substitutions. Bonferroni corrections for multiple testing were also implemented. Positionspecific modified Nei-Gojobori estimates of d S with a Jukes-Cantor correction were generated by using a one-site step and a 100-site window with DNASP v. 4.90.1 (Rozas et al., 2003) . Nucleotide divergence of all coding and non-coding regions of the GAL pseudogenes and functional genes were analysed in a similar way and authors also found d S levels significantly elevated above the background. Hittinger and colleagues proposed to call this mechanism 'balanced unlinked gene network polymorphism' (BuGNP) for explaining the maintenance of alternative allelic states.
The origin of sexual chromosomes in fungi: reduced selection efficiency and degenerative changes in preferred codon usage
Neurospora tetrasperma constitutes an excellent fungal model to study the early stages in the evolution of sexual chromosomes, as they contain a large and recently acquired region of suppressed recombination (> 6.6Mbp and < 4Mya, respectively), one of the steps involved in the differentiation of sexual and autosomal chromosomes. In a recent study conducted by Whittle et al. (2011) authors compared homologous genes in N. tetrasperma and N. crassa, a close relative, and found extensive evidence of degeneration in preferred codon usage in the region of suppressed recombination in N. tetrasperma. At least two independent events of recombination suppression (i.e. strata) occurred at different times. The oldest stratum shows more degenerative changes towards non-preferred codons, suggesting a timedependency for switches from preferred to nonpreferred codons. Finally, each of the two sex chromosomes exhibit codon usage degeneration, which lies in contrast to the X/Y chromosome system in humans, where it is mostly the Y chromosome that degenerates.
It has been observed that genes involved in reproduction evolve more rapidly than average (e.g. Poggler, 1999; Swanson and Vacquier, 2002; Palumbi, 2009 ). Wik and colleagues (2008) studied different species of the ascomycete genus Neurospora, some of which are heterothallic (mating can only occur between haploid cells carrying different alleles at the mating type loci) and others are homothallic (mating can occur between haploid cells carrying identical alleles at the mating type loci). Using codon models, Wik et al. (2008) estimated nonsynonymous and synonymous rates in mating type genes from homothallic and heterothallic species. They confirmed that mating genes evolve rapidly in both cases, but interestingly, the evolution of these genes is driven by positive selection in heterothallic species, whereas it is mostly due to a lack of selective constraints in homothallic species. Furthermore, switches in reproductive mode were followed by corresponding changes in selective pressure.
Finding genes associated with specialization and speciation
Given the avalanche of genomic data available, there is a growing interest in using these to detect ecologically relevant genes, such as those involved in the origin of new species (i.e. speciation), or in the specialization of pathogenic species for infecting certain hosts, without a priori candidates. These blind approaches rely on bioinformatic tools and statistical techniques, including codon models, in order to pick up the correct genes from high throughput sequencing data. An example of such a study is given by Aguileta et al. (2009) who analysed EST data obtained during infection and mating from four species of the Microbotryum complex. Based on the detection of orthologous genes that were either rapidly evolving or under positive selection, they identified a list of candidate genes whose annotated functions were likely relevant for speciation and specialisation. The predicted genes were also found to be under positive selection in other closely related Microbotryum species and some have also been found to deviate from neutrality expectations in analyses at the intra-species level. These predictions are currently under experimental validation. Another recent example includes a study of the wheat pathogen Mycosphaerella graminicola looking for genes involved in host adaptation and speciation across the whole genome (Stukenbrock et al., 2010) . They estimated d N and d S ratios using the Nei and Gojobori (1986) and the Yang and Nielsen (2000) approaches.
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Conclusion: new uses of codon models for analysing fungal genomes
As we hope to have shown in this chapter, the use of codon models to analyse fungal genomes is fairly extended and has served many purposes. From establishing the selective forces behind the evolution of gene families, sexual chromosomes, regulatory networks, or host-pathogen interactions, to predicting ecologically relevant regions based on selective pressure profiles of EST or genomic data. Also, we have seen promising applications of codon models to track down functional shifts associated with changes in regulation, host, reproductive mode, or even environmental or lifestyle-associated changes. We expect to see future applications of codon models used in combination with other methods (e.g. methods in population genetics, coalescence, HMMs, etc.) to extract information about the evolution of complex systems involving fungi. One avenue of intense development where codon models can contribute substantially is the study of emerging fungal diseases, especially those affecting crops (e.g. Gilbert and Parker, 2010) . Fungi introduced to new environments or exposed to potential new hosts evolve quickly. Pesticide targets can in principle be predicted based on patterns of selectve pressure acting on crucial genes. Also, we expect to see more applications of codon models to the study of regulatory genes and networks, especially now that bionformatic resources are being constantly developed (e.g. Grossetete et al., 2004) and important pathways related to pathogenesis are being intensively studied (Osborne et al., 2009 ), a new hypothesis has been proposed about the evolution of intracellular pathogens (Casadevall et al., 2003; Casadevall, 2008; Morris et al., 2009; Panstruga and Dodds, 2009 ); according to it fungi became intracellular pathogens through the evolution of dualuse traits. An example is given by genes that originally contributed to escape amoebal predation but subsequently became useful for invading plant or animal cells (e.g. toxins, adhesins, injectors, efflux pumps, among others). Codon models could be used to track the associated selective pressure acting on dual traits under different circumstances or uses.
